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Dorsalization of the Neural Tube
by Xenopus Tiarin, a Novel Patterning Factor
Secreted by the Flanking Nonneural Head Ectoderm
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The dorsal-ventral (D-V) patterning of the neural tube
involves different sets of regulatory genes. Pax factors
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Summary positional values along the D-V axis, which instruct the
expression patterns of the transcription factors, are es-
We have isolated a novel secreted dorsalizing factor tablished through complicated tissue interactions (for
of the neural tube, Xenopus Tiarin, which belongs review, see Lee and Jessell, 1999; Jessell, 2000). The
to the olfactomedin-related family. Tiarin expression most well-known inductive center of the neural tube is
starts at the late gastrula stage in the nonneural ecto- the floor plate, which is located at the ventral midline.
derm adjacent to the anterior neural plate. Overex- Floor plate tissues have a ventralizing activity on CNS
pression of Tiarin in the embryo causes expansion tissues and can induce ectopic motor neurons when
of dorsal neural markers and suppression of ventral transplanted adjacent to the dorsal neural tube in vivo
markers. In the eye-forming field, Tiarin overexpres- (Yamada et al., 1991) or when cocultured with it in vitro
sion induces the retinal markers and represses optic (Yamada et al., 1993). Sonic hedgehog (Shh), a soluble
stalk markers. Tiarin directly dorsalizes neural tissues factor produced by the floor plate and notochord, is a
in the absence of mesodermal tissues and antagonizes strong candidate mediator of such non-cell-autono-
the ventralizing activity of Sonic hedghog (Shh). Unlike mous activities (Marti et al., 1995; Roelink et al., 1995;
BMP4, another dorsalizing factor, Tiarin does not dis- Chiang et al., 1996; Ericson et al., 1996). Shh at high
play antineuralizing activity on the ectoderm or meso- concentrations induces floor plate markers in the inter-
derm-ventralizing activity. These findings show that mediate neural plate tissues, while at a lower dose, in-
Tiarin is a novel patterning signal candidate acting in duces motor neurons (Roelink et al., 1995). Shh posi-
the specification of the dorsal neural tube. tively or negatively regulates a number of transcription
factors involved in the D-V specification of neurons
(Briscoe et al., 2000; Placzek et al., 2000).Introduction
A number of studies have also suggested roles for
the dorsal tissues (such as the roof plate and flankingThe central nervous system (CNS) is the most complex
ectoderm) in the dorsal specification of the neural tubeorgan in the vertebrate body, and the patterning of the
(Lee and Jessell, 1999; Lee et al., 2000). BMP-classdeveloping CNS requires a large number of regulatory
TGF family factors have been shown to be involved insteps. During gastrulation, the neuroectoderm arises
mediation of the inductive events by dorsal-ectodermalfrom uncommitted ectoderm as a result of induction by
tissues (Liem et al., 1995, 1997; Lee et al., 1998). Studiesunderlying tissues such as the axial mesoderm (Spe-
in mice and zebrafish have provided evidence that BMPmann and Mangold, 1924). In addition to the organizer-
signaling is involved in the D-V patterning of the CNSderived tissues, the anterior visceral endoderm has been
(Furuta et al., 1997; Barth et al., 1999; Nguyen et al.,shown to play an important role in the induction and
2000; Panchision et al., 2001). However, other studies
patterning of mouse anterior CNS (Thomas and Bed-
have suggested that the inductive role of BMP signaling
dington, 1996; Perea-Gomez et al., 2001). Along the an-
in forebrain patterning is qualitatively different from its
terior-posterior (A-P) axis, the forebrain, midbrain, hind- role in posterior CNS development. For instance, BMP
brain, and spinal cord anlage are formed, with the signaling may be involved in ventral forebrain specifica-
forebrain giving rise to the telencephalon and the di- tion (Dale et al., 1997), and it has been shown that some
encephalon. At the molecular level, a plethora of tran- BMPs play a role in proliferation and survival, rather
scription factors, especially homeodomain-containing than in differentiation, of specific regions (Solloway and
factors such as Otx, Emx, Gbx, and Hox genes, are Robertson, 1999; Golden et al., 1999). Thus, it seems
expressed in a region-specific manner and regulate the that the regulation of dorsal CNS specification cannot
characterization of the corresponding regions (Lumsden be simply explained by BMP signaling alone.
To further understand the molecular regulation behind
the patterning of the anterior CNS, we screened for se-4 Correspondence: sasaicdb@mub.biglobe.ne.jp
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creted factors involved in this process by combining 1C, lane 4). These findings support the idea that Tiarin
encodes a secreted protein.differential hybridization and signal sequence trap
screening. In this report, we introduce a novel secreted
signaling factor, Tiarin, which promotes dorsal neural Temporal and Spatial Distribution of Xenopus
development in the Xenopus CNS. Tiarin emanates from Tiarin Expression
the nonneural ectoderm adjacent to the anterior CNS Tiarin expression is first observed as a crescent-shaped
and induces dorsal differentiation in the neural tube. band in the anterior ectodermal region at the late gas-
Thus, Tiarin is a new regulatory signal candidate in ante- trula stage (Figures 2A and 2B). During the neurula stage,
rior-dorsal CNS formation. Tiarin is expressed in the anterior and lateral neural
ridge areas (Figures 2C and 2D). Double-labeled in situ
hybridization analyses with Keratin (epidermis; FiguresResults
2G and 2H), Sox2 (CNS; Figures 2I and 2J), and FoxD3
(neural crest; Figure 2K) showed that Tiarin-positiveIsolation and Structure of a Novel Secreted
cells at the neurula stage are localized in the anteriorFactor, Xenopus Tiarin
and lateral nonneural ectodermal regions flanking theTo isolate genes encoding secreted factors involved in
CNS and overlapping with the presumptive cephalicanterior CNS patterning, we performed signal sequence
neural crest regions. Consistently, Tiarin expression intrap screening (Tashiro et al., 1999) combined with dif-
cross-sections is found in the nonneural ectoderm over-ferential hybridization and whole-mount in situ hybrid-
lying the intermediate mesoderm and the dorsal portionization. We constructed a cDNA library from Xenopus
of the lateral plate (Figure 2L). At the tail bud stage,anterior neural plate mRNA (stages 13–14) in which we
Tiarin is expressed in the anterior roof plate of the closedinserted 5-enriched partial cDNAs into a trap plasmid
neural tube and in the nonneural ectoderm just lateralvector containing IL-2 receptor cDNA lacking the signal
to the anterior CNS (Figures 2E and 2F).sequence (see Experimental Procedures). We first car-
ried out differential hybridization screening (2  104
clones) to enrich for neural-specific cDNA. 6  103 Expansion of Dorsal Neural Markers and
Suppression of Ventral Markers by Tiarinclones that gave stronger signals with the neural plate
cDNA probe than with the marginal zone (mesoderm) Previous studies have indicated that signals from non-
neural ectoderm play important roles in the specificationcDNA probe were selected for the next step. Among
these, 115 clones were positive in the signal sequence of the dorsal CNS (Liem et al., 1995; Dickinson et al.,
1995; Selleck and Bronner-Fraser, 1995). Therefore, wetrap screening and, subsequently, subjected to whole-
mount in situ hybridization screening and sequencing. examined the effects of Tiarin overexpression on re-
gional neural markers along the D-V axis. When TiarinNine clones containing a signal-sequence portion exhib-
ited a neural-specific pattern (see Experimental Proce- mRNA was injected into the two left animal blastomeres
of the eight cell embryo (400 pg/cell; coinjected withdures). We were particularly interested in a cDNA clone
expressed in the anterior head region and named it Ti- LacZ mRNA as a lineage tracer), it caused unilateral
expansion of the dorsal CNS markers Zic-r1 (100%, n arin, as its expression pattern in the neurula was reminis-
cent of a “tiara” worn on the head. 22; Figures 3A and 3B; Mizuseki et al., 1998), Cpl-1
(dorsal and anterior marker, 77%, n  32; Figures 3CSequence analysis of the full-length cDNA (Figure 1A)
indicated that Tiarin belongs to a secreted protein family and 3D; Knecht et al., 1995), Pax3 (100%, n 38; Figures
3E–3H; Bang et al., 1997), 308a (dorsal marker, 100%,that includes olfactomedin (Yokoe and Anholt, 1993),
Noelin (Barembaum et al., 2000), and myocilin (a glau- n  20; Figures 3I and 3J; N.S. and Y.S., unpublished
data; accession number AB075972), and Gli3 (dorsalcoma-related gene product; Stone et al., 1997). The fac-
tors in this family are characterized by a highly con- marker, 96%, n  56; data not shown; Lee et al., 1997).
Expansion of the dorsal neural tube markers were ob-served carboxy-terminal domain (solid box) and a
moderately conserved amino-terminal domain. The con- served both in the anterior CNS (Figures 3A–3F) and in
the trunk CNS (Figures 3G–3J).served carboxyl terminal domain shows homology to
the extracellular portion of the -latrotoxin receptor In contrast, Tiarin mRNA injection caused suppres-
sion of ventral CNS markers. Bilateral injection of Tiarin(Krasnoperov et al., 1997). Phylogenetic tree analysis
(Figure 1B) grouped Xenopus Tiarin close to chick Tiarin- mRNA suppressed the floor plate markers Kielin (96%,
n  23; Figures 3K and 3L; Matsui et al., 2000) andlike, which we isolated by PCR-based screening. (Tiarin-
like is not the ortholog of Tiarin because its expression F-spondin (97%, n  38; Figures 3M and 3N; Ruiz i
Altaba et al., 1993). Unilateral injection of Tiarin de-is found in the somite and not in the head ectoderm;
our unpublished data.) creased expression of HB9 (82%, n  76; Figures 3O
and 3P; Saha et al., 1997) and Nkx2.2 (87%, n  70;To determine whether or not Tiarin protein is secreted,
epitope-tagged Tiarin was overexpressed in animal Figures 3Q and 3R; Saha et al., 1993) on the injected
side. The ventral forebrain markers Nkx2.1 (Small et al.,caps by mRNA injection and analyzed by Western blot-
ting. Flag-tagged Tiarin protein was detected in culture 2000) and Etr-1 (Knecht et al., 1995) were also sup-
pressed (69%, n  35 and 77%, n  52, respectively;medium of explants, but not in that of uninjected caps
(Figure 1C, lanes 2 and 3). The size of the tagged protein data not shown).
Overexpression of Tiarin also affected expression ofwas larger than the size of in vitro translated products
(53 kDa; Figure 1C, lanes 3 and 5). This turned out to the primary neuron marker Xngnr-1 (Figures 3S and 3T;
Ma et al., 1996). Tiarin injection increased Xngnr-1 inbe due to N-glycosylation, as the size was reduced to the
expected value by endoglycosidase F treatment (Figure the lateral neuron column (68%, n 37; arrowhead) and
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Figure 1. Comparison of the Protein Structure of Tiarin and Olfactomedin Family Factors
(A) Percent identities of amino acid sequences among Tiarin and olfactomedin proteins. Highly conserved carboxy-terminal domains (regions
homologous to the residues 282–467 of Tiarin) are indicated by solid box. SP, signal peptide.
(B) The phylogenetic tree was generated by unweighted pair-group method with arithmetic mean (UPGMA) method. Sources for sequences
are as follows: gw112 (accession number AI006529), olfactomedin (Yokoe and Anholt, 1993), myocilin (accession number JE0096), Noelin
(Barembaum et al., 2000), Pancortin (Nagano et al., 1998), and mgc7297 (accession number BC005485).
(C) Western blotting of Tiarin protein secreted from animal cap cells. Animal caps injected with control (lanes 1 and 2) or flag-tagged Tiarin
(lanes 3 and 4) mRNA were prepared and cultured in LCMR solution (see Experimental Procedures). Cells were dissociated with EDTA and
separated from culture medium. Treatment with endoglycosidase F (Endo F) was performed in lane 4. In vitro translation products of tagged
Tiarin mRNA were loaded in lane 5. Proteins were detected with an anti-flag antibody.
decreased in the medial column (65%) on the injected promotes development of the dorsal CNS at the expense
of ventral tissues. Tiarin possesses an opposing activityside. Xngnr-1 expression in the intermediate column
increased in 22% of the cases and decreased in 32%. to Shh in the D-V patterning of the CNS, including the
eye field.These findings demonstrate that Tiarin can induce
expression of dorsal CNS markers and suppress expres-
sion of ventral markers in the embryo. Effects of Tiarin Overexpression
on Nonneural Tissues
We next examined effects of Tiarin overexpression onEffects of Tiarin on Early Eye-Field Markers
As Tiarin is expressed in the region adjacent to the other ectodermal tissues. Unilateral injection of Tiarin
mRNA caused an intriguing change in neural crest devel-anterior CNS, we next tested whether Tiarin affects the
D-V patterning of the eye-forming field of the diencepha- opment. Expression of the early neural crest markers
FoxD3 (Figures 4A and 4B; Sasai et al., 2001) and Sluglon. Tiarin injection expanded expression of the retinal
markers Rx (medial expansion, 95%, n  40; Figures 3U (data not shown; Mayor et al., 1995) was strongly altered,
but not suppressed (86%, n  28 and 100%, n  47,and 3V; Mathers et al., 1997), and Pax6 (98%, n  52;
data not shown; Li et al., 1997). In contrast, Vax2 (Figures respectively). The change of FoxD3 and Slug expression
was most evident in the pattern of the migratory streams3W and 3X; Barbieri et al., 1999) and Pax2 (data not
shown; Heller and Brandli, 1997), which are markers for of the head neural crest. The blank regions between the
migratory streams (arrows in Figure 4B) disappeared,ventral optic vesicles and future optic stalk (arrow), were
clearly suppressed (98%, n  55 and 83%, n  53, and the head neural crest fused en bloc (shown by
bracket). It was previously reported that overexpressionrespectively). Since these tissues are more medial (ven-
tral after neural tube closure) than the retina proper of Noelin in chick embryos caused a similar phenome-
non (Barembaum et al., 2000; also see Discussion). Inter-and their formation is dependent on the ventral midline
signals (Macdonald et al., 1995), the effect of Tiarin on estingly, expression of the late crest markers Twist (Fig-
ures 4C and 4D; Hopwood et al., 1989) and Ets-1 (datathe D-V pattern of the eye-forming field is in good agree-
ment with that of Tiarin on other D-V markers of the not shown; Meyer et al., 1997) were suppressed on the
injected side (95%, n  20 and 95%, n  22, respec-neural tube. By contrast, Shh, a ventralizing factor of
the CNS, has been reported to increase the expression tively). However, as FoxD3-expressing cells were pres-
ent (Figure 4B, bracket), loss of Twist expression (Figureof stalk markers and decrease that of retinal markers
(Macdonald et al., 1995; Hallonet et al., 1999). 4D, bracket) was likely to be caused by blockade of
differentiation, rather than by depletion of neural crest-Taken together, Tiarin appears to represent a novel
signaling molecule from the nonneural ectoderm that lineage cells. These results suggest that Tiarin does not
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Figure 2. Tiarin Is Expressed in the Nonneural Ectoderm Adjacent to the Anterior Neural Plate
(A–F) Temporal and spatial expression of Tiarin analyzed by whole-mount in situ hybridization. (A) Midgastrula stage, vegetal view. Arrow,
dorsal lip. (B) Late gastrula stage, dorsal view. (C and D) Anterior and lateral views at the early neurula stage, respectively. (E and F) Anterior
and dorsal views at the early tail bud stage, respectively.
(G–K) Double-labeled in situ hybridization. (G and H) Keratin (brown) and Tiarin (indigo) probes. (I and J) Sox2 (light blue) and Tiarin (indigo)
probes. (K) FoxD3 (light blue) and Tiarin (indigo) probes. (G and I) lateral views; (H, J, and K) dorsal views.
(L) Tiarin expression in the cross-section of the neurula embryo. Np, neural plate; not, notochord; so, somite; im, intermediate mesoderm; lp,
lateral plate mesoderm.
significantly inhibit early neural crest differentiation but of ventral differentiation. Another is that Tiarin somehow
increases proliferation of dorsal CNS cells in a selectiveaffects later events such as maturation and migration.
Tiarin did not significantly affect expression of the ecto- manner. To test the latter possibility, we examined the
effect of Tiarin in the presence of the mitotic inhibitorsdermal marker Keratin or the placodal marker Eya-1 (n
20 and 32, respectively; data not shown). hydroxyurea and aphidicolin (following the methods in
Harris and Hartenstein, 1991, and Hardcastle and Pa-Next, we examined effects of Tiarin injection on meso-
dermal markers. Tiarin injection did not significantly af- palopulu, 2000). Even in embryos treated with the mitotic
inhibitors from early gastrulation, Tiarin injection ex-fect the expression patterns of Chordin (prechordal
mesoderm and notochord; Sasai et al., 1994) or MyoD panded the expression of the dorsal marker Zic-r1 on
the injected side (88%, n  43; Figures 4M–4P). This(paraxial mesoderm) (n  24 for each; Figures 4E and
4F and data not shown). Consistently, Tiarin expression indicates that Tiarin exerts its activity on this dorsal
marker independent of cell proliferation.suppressed the floor plate expression of Sonic hedge-
hog (Shh) (Ekker et al., 1995), but not its axial mesoderm With regard to ventral marker suppression by Tiarin,
one alternative interpretation is that ventral cells mightexpression (Figures 4G–4J). The anterior mesendoder-
mal markers Xfrzb-1 (Leyns et al., 1997) and Crescent undergo apoptosis. We tested this possibility with the
TUNEL assay (Hensey and Gautier, 1997), but did not(Pera and De Robertis, 2000) were not significantly af-
fected (n  26 for each; Figures 4K and 4L and data not observe a significant increase of apoptosis induced by
Tiarin injection as compared to control RNA injectionshown). These findings demonstrate that Tiarin dor-
salizes the neural tissues without significantly affecting (data not shown).
expression of mesodermal or mesendodermal markers
in underlying tissues. Tiarin Can Dorsalize Neural Tissues
in the Absence of Mesoderm
To further understand the mode of Tiarin action in theDorsal Marker Expansion by Tiarin Occurs
in the Presence of Mitotic Inhibitors D-V patterning of the CNS, we next performed animal
cap assays (Figure 5). Tiarin mRNA with or withoutWe next examined the mechanisms by which Tiarin in-
creases dorsal marker expression. One possibility is that Chordin mRNA was injected into all animal blastomeres
of eight cell embryos. Animal cap ectoderm was explantedTiarin induces dorsal CNS differentiation at the expense
Tiarin, a Dorsalizing Factor of the CNS Anlage
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Figure 3. Microinjection of Tiarin mRNA Induces Expansion of Dorsal Neural Markers and Suppression of Ventral Neural Markers
Control (A, C, E, G, I, O, Q, and S) or Tiarin (B, D, F, H, J, P, R, and T) mRNA (400 pg) together with lacZ mRNA as a tracer was injected into
two left adjacent animal blastomeres of eight cell embryos. (K–N and U–X) Control (K, M, U, and W) or Tiarin (L, N, V, and X) mRNA was
injected into all animal blastomeres in eight cell embryos. Embryos were harvested at the neurula stage (S and T) or early tail bud stage (rest
of the panels) and analyzed by whole-mount in situ hybridization with the following probes: (A and B) Zic-r1 probe, anterior view; (C and D)
Cpl-1, lateral view; (E and F) Pax3, anterior view; (G and H) Pax3 (trunk region), dorsal view; (I and J) 308a (trunk region), dorsal view; (K and
L) Kielin, dorsal view; (M and N) F-spondin, dorsal view; (O and P) HB9, dorsal view; (Q and R) Nkx2.2, dorsal view; (S and T) Xngnr-1, dorsal
view; (U and V) Rx, anterior view; and (W and X) Vax2, anterior view. (K–R) Embryos were cleared in Murray’s solution. Arrowheads (A–R),
embryonic midline. (W) Arrow, ventral optic vesicles and future stalks; arrowhead, ventral forebrain.
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Figure 4. Effects of Tiarin Overexpression on Nonneural Tissues
(A–L) Effects of Tiarin injection on nonneural tissues. Control (A and C) or Tiarin (B and D) mRNA (400 pg), together with lacZ mRNA as a
tracer, was injected into two left adjacent animal blastomeres of eight cell embryos. Control (E, G, I, and K) or Tiarin (F, H, J, and L) mRNA
was injected into all animal blastomeres in eight cell embryos. Embryos were harvested at the early tail bud stage (A–D) or open neural plate
stage (E–L) and analyzed by whole-mount in situ hybridization with the following probes: FoxD3 (A and B), Twist (C and D), Chordin (E and
F), Shh (G–J), and Xfrzb-1 (K and L). Panels (I) and (J) are cross-sections at the trunk level, and the rest are dorsal views. Ep, epithelial layer;
fp, floor plate; no, notochord. Arrowheads, embryonic midline.
(M–P) Dorsal marker expansion by Tiarin, even in the presence of mitotic inhibitors. Control (M and N) or Tiarin (O and P) mRNA were injected
into two left animal blastomeres of eight cell embryos, and embryos were incubated in 0.1 MMR (M and O) or 0.1 MMR containing the
mitotic inhibitors hydroxyurea and aphidicolin (N and P) from early gastrulation. Embryos shown were hybridized with a Zic-r1 probe at the
early neurula stage.
at the early gastrula stage and harvested when control nrp-1 (n  20; Figures 5O and 5P). The mesodermal
marker MLC was not detected (n  20 for each; Figuressiblings reached the early tail bud stage. Tiarin injection
alone did not induce the pan-neural marker gene nrp-1 5Q–5T), indicating that Tiarin likely acts directly on the
ectoderm.or the regional neural markers Zic-r1, Cpl-1, Etr-1, or
Vax2 (n  23 for each; Figures 5B, 5F, 5J, and 5N and Taken together with the mitotic inhibitor findings
above, these results strongly suggest that Tiarin directlydata not shown). When Tiarin was coinjected with
Chordin, which induces anterior neural differentiation in promotes dorsal “differentiation” and suppresses ven-
tral “differentiation” of the CNS precursors. Thus, thethe cap (Sasai et al., 1995), the dorsal markers Zic-r1
and Cpl-1 were increased (strong signals in 85%, n  expansion of dorsal markers cannot be simply explained
by decreased convergent movement of the neural plate.47, 77%, n  35, respectively; Figures 5D and 5H and
compare to Figures 5C and 5G) while the ventral markers
Etr-1 and Vax2 were diminished (no significant staining Tiarin Injection Exhibits Non-Cell-Autonomous
Activity in Animal Cap Conjugationin 97%, n  35 and 90%, n  29, respectively; Figure
5L and compare to Figure 5K; data not shown). Tiarin By using the animal cap assay, we next asked whether
Tiarin exerts its activity in a non-cell-autonomous fash-injection did not significantly affect the induction of
Tiarin, a Dorsalizing Factor of the CNS Anlage
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Figure 5. Tiarin Can Dorsalize Neural Tissue
in the Absence of Mesoderm
Animal caps were prepared from stage 10.5
embryos that had been injected with control
(A, E, I, M, and Q), Tiarin (B, F, J, N, and R),
Chordin (C, G, K, O, and S; 50 pg), or Tiarin 
Chordin (D, H, L, P, and T) mRNAs. Animal
caps were harvested at the time equivalent
to stage 22 and hybridized with Zic-r1 (A–D),
Cpl-1 (E–H), Etr-1 (I–L), nrp-1 (M–P), and MLC
(Q–T) probes.
(U) Schema of the conjugation experiment.
The combination of animal caps are: (V) con-
trol cap 1 and LacZ-injected cap 2, (W and
X) Chordin-injected cap 1 and LacZ-injected
cap 2, and (Y) Chordin-injected cap 1 and
LacZ  Tiarin-injected cap 2. Animal caps
were analyzed with nrp-1 (V and W) and Etr-1
(X and Y) probes.
ion, as expected from its molecular nature (Figure 1). pan-neural marker nrp-1 (100%, n  22; Figure 5W),
consistent with the fact that Chordin is a secreted pro-We prepared two groups of animal caps at early gastrula
stage. Caps injected with or without Chordin mRNA (cap tein (Piccolo et al., 1996). Also, Etr-1, a ventral marker
of anterior CNS, was induced at a high level in the conju-1), and caps injected with LacZ mRNA alone or LacZ 
Tiarin mRNAs (cap 2). Then, a cap 1 and a cap 2 were gates with a Chordin-injected cap 1 (100%, n  22;
Figure 5X), but not in those with control cap 1 (n  20;recombined and co-cultured for 16 hr (Figure 5U). Re-
combinants of a control cap 1 and a LacZ-injected cap data not shown). When a Chordin-injected cap 1 was
conjugated with a LacZ  Tiarin-injected cap 2, the2 did not express significant levels of the pan-neural
marker nrp-1 (n  20; Figure 5V; brackets show the ventral marker Etr-1 was suppressed both in cap 1 and
cap 2 regions (100%, n  20; compare panels X and Y),cap 1 portions in the recombinants). When a Chordin-
injected cap 1 was conjugated with a LacZ-injected cap indicating that Tiarin expressed in cap 2 inhibited Etr-1
expression in cap 1. The pan-neural marker nrp-1 was2, both portions (caps 1 and 2) became positive for the
Neuron
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Figure 6. Tiarin Antagonizes the Ventral Ef-
fects of Sonic Hedgehog
Animal caps were prepared from stage 10.5
embryos that had been injected with control
(A, E, I, M, Q, and U), Chordin (B, F, J, N, R,
and V), Shh (300 pg)  Chordin (C, G, K, O,
and X), Tiarin  Shh  Chordin (D, H, L, and
P), Chordin Tiarin (S and W), and Xnr-4 (100
pg; [ T ]) mRNAs. Animal caps were harvested
at stage 22 and hybridized with Zic-r1 (A–D),
Kielin (E–H), nrp-1 (I–L), MLC (M–P), Shh (Q–
T), or Ptc-2 (U–X) probes.
not suppressed by conjugation with a Tiarin-injected the pan-neural marker nrp-1 was not affected by Shh
or Shh  Tiarin (n  20 for each; Figures 6J–6L), andcap (n  20; data not shown) showing that inhibition of
Etr-1 expression was not due to suppression of neural the mesodermal marker MLC was not induced in any
cases (n  20 for each; Figures 6M–6P). These findingsdifferentiation. These findings are in agreement with the
idea that Tiarin acts as a secreted patterning signal. show that Tiarin can antagonize the ventralizing activity
of Shh in the neuralized animal cap.
The findings above raised a question regardingTiarin Antagonizes the Ventralizing Effects of Shh
Tiarin and Shh have opposing activities: dorsalization whether the dorsalizing activity of Tiarin was simply due
to inhibition of endogenous Shh activity. This questionand ventralization, respectively. We therefore tested
whether Tiarin could override the ventralizing activity of is hard to answer in vivo as Tiarin overexpression sup-
presses Shh transcription itself in the floor plate (FiguresShh. In animal caps that were neuralized by Chordin,
moderate levels of the dorsal marker Zic-r1 were de- 4H and 4J). Therefore, we used the animal cap assay
to address this question. As shown in Figures 5A–5H,tected (91%, n 22; Figure 6B), while the ventral midline
marker Kielin was not (n  24; Figure 6F). Coinjection the dorsalizing activity of Tiarin was clearly observed in
Chordin-injected animal caps. We then asked whetherof Shh suppressed Zic-r1 (strong staining 0% and only
faint staining, n  22; Figure 6C) and induced Kielin Shh signals functioned in this system or not. We did not
detect significant levels of Shh or Ptc (a downstream(100%, n 23; Figure 6G). Injection of Tiarin significantly
induced Zic-r1 (strong staining 96%, n  25; Figure 6D) gene of Shh; Goodrich et al., 1996; Marigo and Tabin,
1996; Takabatake et al., 2000) mRNA in any of the con-and suppressed Kielin (suppressed in 100%, n  23;
Figure 6H) even in the presence of Shh. Expression of trol, Chordin-injected, or Chordin Tiarin-injected caps
Tiarin, a Dorsalizing Factor of the CNS Anlage
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Figure 7. Analyses of Interaction between
Tiarin and Other Signals in Explant Assays
(A) RT-PCR analysis of Shh downstream
genes (Gli1 and Kielin) in animals caps in-
jected with control (lane 2), Tiarin (lane 3),
Chordin  Shh (lane 4), or Chordin  Shh 
Tiarin (lane 5) mRNA.
(B) Dorsal marginal zone (DMZ) tissues were
explanted from stage 10.5 embryos that had
been injected with control (lane 2), BMP4 (5
pg; lane 3), Tiarin (lane 4), BMP4 (0.5 pg; lane
5), and BMP4 (0.5 pg)  Tiarin (lane 6) mRNA.
DMZ (lanes 2–6) tissues were excised at
stage 10.5 and cultured until sibling controls
reached stage 12.5 and analyzed by RT-PCR
for expression of Chordin, Xvent-1, and H4
(histone).
(C) Animal caps were prepared from stage
10.5 embryos that had been injected with
control (lane 2), Chordin (lane 3), BMP4 
Chordin (lane 4), Tiarin  Chordin (lane 5)
mRNAs. Animal caps were excised at stage
10.5, cultured until stage 12.5, and analyzed
by RT-PCR for expression of NCAM, Msx-1,
and H4 .
(D) Effects of Tiarin on Wnt signaling in the
double axis formation assay. Tiarin mRNA
(400 pg) was injected with Wnt mRNAs at a
dose that gives a secondary axis in 50% of
the cases (Wnt1, Wnt3a, and Wnt8; 0.5 pg/
cell) or in 10% of the cases (Wnt11; 500 pg/
cell). Horizontal bar, percent of embryos with
ectopic axes.
(n 22 for each; Figures 6Q–6S and 6U–6W). In contrast, (dorsal mesoderm), injection of BMP4 suppressed the
Shh and Ptc were significantly induced by Xnr-4 and dorsal mesodermal marker Chordin and induced the
Chordin  Shh, respectively (n  25 for each; Figures ventral mesodermal marker Xvent-1 (Figure 7B, lane 3)
6T and 6X). These findings suggest that Tiarin can exert (Dosch et al., 1997). This is consistent with previous
its activity in the animal cap where endogenous Shh- reports showing that BMP4 ventralizes mesoderm
related signaling is very low, if at all. (Jones et al., 1992; Dale et al., 1992; Fainsod et al., 1994).
The observations above led us to the following two In contrast, injection of Tiarin did not suppress Chordin
conclusions. First, Tiarin can antagonize Shh signaling. or induce Xvent-1 (Figure 7B, lane 4). Next, we used a
Second, Tiarin does not necessarily require the pres- smaller amount of BMP4 mRNA that induced Xvent-1,
ence of Shh signals for its activity. By using animal but did not completely suppress Chordin in the dorsal
cap assay and RT-PCR, we next asked whether Tiarin marginal zone (Figure 7B, lane 5). Coinjection of Tiarin
interfered with early signaling pathway of Shh in the mRNA did not show significant synergism or antagonism
neuralized animal cap. Kielin expression induced by (Figure 7B, lane 6).
Chordin  Shh (Figure 7A, lane 4) was clearly sup- We then compared the activities of BMP4 and Tiarin
pressed by coinjection of Tiarin mRNA (Figure 7, lane in the animal cap assay. Induction of the pan-neural
5). In contrast, expression of Gli1 (Figure 7, lane 5; Lee marker NCAM by Chordin was strongly inhibited by coin-
et al., 1997; Hynes et al., 1997) and Ptc (data not shown), jecting BMP4, while suppression of Msx-1 by Chordin
typical downstream genes of Shh signaling (Ruiz i Al- was reversed (Figure 7C, lanes 3 and 4). In contrast,
taba, 1999), was not significantly affected by Tiarin. This coinjection of Tiarin did not suppress NCAM or induce
suggests that inhibition of Shh activity by Tiarin (i.e., Msx-1 (Figure 7C, lane 5). In both the marginal zone and
suppression of Kielin) does not occur upstream of Gli1 animal cap assays, we used the amount of Tiarin mRNA
and Ptc transcription. that is sufficient for dorsalizing the neural tissues (400
pg/cell). These results demonstrate that Tiarin does not
mimic BMP4 signals in these explant assays, suggestingTiarin and BMP4/Wnt Signaling
use of a distinct signaling pathway.Previous reports have shown that BMP-class growth
Finally, another signaling pathway implicated in dorsalfactors can dorsalize developing CNS tissues (Liem et
neural tube patterning is Wnt signaling (Ikeya et al.,al., 1995, 1997; Lee et al., 1998). Therefore, we tested
1997). We therefore examined possible interaction be-whether Tiarin possessed similar activities to BMP4 in
tween Wnt and Tiarin by coinjection assays (Figure 7D).other experimental systems: the marginal zone and ani-
mal cap assays. In explants of the dorsal marginal zone An amount of Wnt1, Wnt3a, or Wnt8 mRNA (0.5 pg/cell),
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which induces a secondary axis at approximately a 50% versus chick) rather than differences in gene functions
themselves. Therefore, we injected Noelin2 mRNA intofrequency, was injected into a ventral blastomere of four
cell embryos with or without Tiarin mRNA. In the case Xenopus embryos and found that Noelin2 mRNA at a
high dose (1.6 ng/cell) induced the dorsal neural markersof Wnt11, which is a weak axis inducer (Ku and Melton,
1993), the amount of Wnt11 mRNA (500 pg/cell) capable Zic-r1 and Pax3 and suppressed the ventral markers
HB9 and Nkx2.2 (our unpublished data). On the otherof inducing a secondary axis at approximately a 10%
frequency was used. No enhancement or suppression hand, we have found by whole-mount in situ hybridiza-
tion that the Xenopus Noelin ortholog (accession num-by Tiairn was observed in the frequency of double axis
formation induced by these Wnts (Figure 7D), indicating ber AW199780) is not expressed at the neurula stage
and starts to be expressed at the tail bud stage. At thisthat Tiarin is unlikely to have strong direct interaction
with these Wnts. stage, Xenopus Noelin expression is found in migrating
neural crest, but not in the neural tube or the flanking
ectoderm (our unpublished data). These observationsDiscussion
indicate that Tiarin and Noelin may share biological ac-
tivities, at least in part, and have differential roles in vivoTiarin Is a Novel Signaling Factor of the
depending on spatial and temporal expression.Olfactomedin Class Secreted Protein Family
In this work, we isolated and characterized Xenopus
Tiarin, a patterning molecule secreted by the nonneural Role of Tiarin in the Developing CNS
Tiarin is expressed in the nonneural ectoderm flankinghead ectoderm that flanks the developing CNS. Tiarin
belongs to a family of secreted proteins that includes the anterior neural plate and promotes dorsal CNS de-
velopment at the expense of ventral neural tissues inolfactomedin and Noelin. In structure, Tiarin is most
closely related to chick Tiarin-like and mouse EST cDNA vivo. Tiarin induces dorsal markers and suppresses ven-
tral markers in the animal cap neuralized by Chordingw112 (accession number AI006529) and is rather
distant from Noelin, mgc7297 (accession number (Figure 5). Induction of dorsal neural markers by Tiarin
does not require cell proliferation (Figure 4) or the pres-BC005485), and myocilin (Figure 1) .
Olfactomedin was isolated as a protein secreted by ence of mesoderm (Figure 5). These findings indicate
that Tiarin is a D-V patterning signal from nonneuralolfactory epithelia of bullfrogs (Snyder et al., 1991). The
olfactomedin family proteins consist of a moderately ectoderm that directly induces dorsal neural differentia-
tion in the presumptive CNS tissues.conserved amino-terminal domain and a well-conserved
carboxy-terminal domain. They do not contain other Tiarin expression is localized to the head region, with
no strong signals found in the trunk region. This sug-specific domains such as cysteine-rich domains or Ig
domains. Protein chemistry of olfactomedin has sug- gests that the in vivo role of Tiarin is related to D-V
patterning in the brain, rather than in the spinal cord. Ingested that these proteins multimerize through disulfide
bonds (Snyder et al., 1991). Although the biological ac- the trunk CNS, previous studies (particularly in the chick)
have indicated opposing roles for Shh and BMPs in thetivity of olfactomedin has not been reported, Noelin is
shown to have intriguing activities in chick neural crest formation of D-V polarity (Lee and Jessell, 1999; Jessell,
2000). Shh, which is expressed in the ventral midline,development. At the four somite stage, Noelin is ex-
pressed in a graded pattern within the open neural plate, induces ventral neural differentiation, while BMP factors
in the roof plate and nonneural ectoderm promote dorsalwith high expression in the neural fold region, decreas-
ing toward the ventral midline. Subsequently, Noelin ex- differentiation. In D-V patterning of the forebrain, how-
ever, the situation seems to be much more complicated.pression becomes restricted to the dorsal neural tube
and migrating neural crest. Overexpression of Noelin Some studies have implicated BMP signaling in the D-V
patterning at various levels of the CNS, including thein the chick midbrain-hindbrain region causes excess
neural crest emigration by prolonging the “competent forebrain (Furuta et al., 1997; Barth et al., 1999; Panchi-
sion et al., 2001). Other studies have shown that BMP7period” of the neural tube to generate neural crest cells
(Barembaum et al., 2000). is expressed in the prechordal mesoderm and ventral
forebrain and that it promotes ventral development byTiarin and Noelin differ in a number of aspects. First,
they are relatively distant members of the olfactomedin cooperating with (rather than antagonizing) Shh (Dale et
al., 1997). This implies that some signaling mechanismsfamily in structure; the amino-terminal domains share
only 21% identity (Figure 1A). Second, with regard to other than simple Shh and BMP antagonism may be
involved in the dorsal specification of the anterior CNS.tissue distribution, chick Noelin is expressed within the
neural plate while Xenopus Tiarin mRNA is found in the Tiarin appears to be a good candidate for such signaling
molecules. Overexpression of Tiarin in vivo causes dor-nonneural ectoderm at the neurula stage. Third, it has
been reported that Noelin does not affect the expression sal marker induction and ventral marker suppression,
even in the most anterior part of the CNS (Figures 3A–3F,of dorsal-ventral CNS markers (e.g., Pax3, Wnt-1, Shh)
when overexpressed in the chick neural tube (Barem- 3K, 3L, and 3U–3X). Also, Tiarin promotes dorsal differ-
entiation of neural tissues in Chordin-injected animalbaum et al., 2000). This shows a clear difference from
the dorsalizing activity of Tiarin on the frog neural tube. caps, which differentiate predominantly into forebrain
tissues (Sasai et al., 1995). Thus, Tiarin is expressed inHowever, the effect of Tiarin on early neural crest mark-
ers (Figure 4B) is similar to that of Noelin in the previous the right place at the right time and exerts the appro-
priate activity to participate in D-V patterning of thestudy (Barembaum et al., 2000). This raises the possibil-
ity that the difference between Tiarin and Noelin activi- anterior CNS.
Interestingly, Tiarin, which is expressed in the headties may be due to differences in the assay systems (frog
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the kit) as a primer. To obtain partial cDNA preferentially containingregion in vivo, can also promote dorsal differentiation in
5 portions, cDNA was amplified three times with random primersthe trunk CNS (Figures 3G–3J). This raises the possibility
and the SMART oligonucleotide primer using the second strandthat certain Tiarin-related signals also act in the trunk.
cDNA as a template. The cDNA fraction of 300–500 bp was isolated
To further investigate the in vivo role of Tiarin signaling by agarose gel electrophoresis and subcloned into the pCI-Neo-
in the CNS patterning, we are planning to isolate mouse Tac (3) vector, which contains an IL-2R cDNA lacking the signal
peptide portion (Tashiro et al., 1999).and zebrafish homologs for loss-of-function studies
To enrich neural-specific clones, differential hybridization screen-since such studies are generally difficult to perform in
ing was carried out as follows. Ventral marginal zone (VMZ) tissuesXenopus, especially for secreted molecules. Also,
were prepared at stage 10.25–10.5, cultured in 1X LCMR supplementmouse transgenic and knock-in approaches should pro-
with 0.2% BSA, and harvested for mRNA purification at stage 13–14.
vide systems for gain-of-function studies that are more VMZ (nonneural) mRNA and anterior neural plate (neural) mRNA were
precisely controlled in temporal and spatial fashions. used to synthesize 32P-labeled cDNA probes for dot hybridization.
Clones that gave neural-specific hybridization signals were sub-
jected to the signal sequence trap screening (Tashiro et al., 1999).Molecular Mechanisms of Tiarin Activities
Plasmids (25 clones/pool) were used for transfection into Cos7 cellsIt is of great interest how Tiarin acts in dorsal specifica-
and analyzed by anti-IL-2R (tac) surface immunofluorescence. Posi-
tion of the anterior neural tube at the molecular level. tive clones were identified by a sib selection and analyzed by se-
One possibility is that Tiarin mimics BMPs, which have quencing and whole-mount in situ hybridization. Nine clones iso-
dorsal-inducing activity in the trunk CNS. However, un- lated in this series of screening were as follows. Five clones showed
no homology in the database, and the rest showed homology tolike BMPs, Tiarin does not show either mesoderm-ven-
LIG1 (a membrane glycoprotein), CDO (a robo-related surface pro-tralizing effects on the dorsal marginal zone or antineu-
tein), Eph-class tyrosine kinase receptor, and XAG2 (a secretedralizing activity in the animal cap assay (Figure 7). Tiarin
factor with unknown function).injection does not induce Xvent-1 in dorsal marginal
zone explants (Figure 7B) or Msx-1 in the animal cap
assay (Figure 7C). These two genes are direct down- Embryonic Manipulation
Staging of embryos was done according to the normal table ofstream genes of BMP signals (Dosch et al., 1997; Suzuki
Nieuwkoop and Faber. Injection of synthetic RNA was done with aet al., 1997). We also failed to observe significant syner-
fine glass capillary and a pneumatic pressure injector (Narishige) ingism between BMP and Tiarin in the marginal zone assay
1 Barth’s solution and then embryos were transferred into 0.1when a moderate amount of BMP mRNA was injected
Barth’s solution (Gurdon, 1976) until further manipulation or harvest-
with or without Tiarin mRNA (Figure 7B, lanes 5 and 6). ing. A cDNA fragment containing the full coding sequence of Tiarin
These suggest that the action of Tiarin is independent of was subcloned into pCS2 vector at the BamHI and XhoI sites (pCS2-
BMP signals. However, it theoretically remains possible Tiarin). For mRNA injection, pCS2-Tiarin was linearized with NotI and
transcribed with SP6 polymerase (mMessage mMachine, Ambion).that Tiarin interacts with BMP signaling only in the neural
RNAs for Chd, Shh, BMP4, Wnts, Xnr-4, and LacZ were synthesizedtubes and not in the animal cap or marginal zone. To
as described previously (Mizuseki et al., 1998). For unilateral injec-elucidate detailed signaling pathways, molecular identi-
tion, Tiarin and LacZ mRNA were injected into two adjacent left
fication of Tiarin receptors should be important in future animal blastomeres of eight cell embryos. Injected embryos were
studies. fixed with MEMFA at given stages. The amount of injected mRNA
Another possible mechanism is that Tiarin acts as an were made constant by adding appropriate amounts of neutral (GFP
or LacZ ) mRNA. All injection experiments were repeated at leastantagonist of the ventral CNS inducer Shh, as Tiarin
twice and gave reproducible results. For animal cap assays andoverexpression can override the ventralizing effect of
dorsal marginal zone assays, tissues were excised at stage 10.5Shh (Figure 6). However, this seems not to be the case, at
and cultured in 1 LCMR supplemented with 0.2% BSA until theleast in the animal cap study. Tiarin exerted dorsalizing
indicated stage.
activities in the Chordin-injected animal cap (Figure 5) For secretion assay, a flag-epitope was inserted in-frame into
that does not express Shh (Figure 6). Also, Tiarin does pCS2-Tiarin at the site corresponding to the amino acid residues
not suppress Gli1 and Ptc in this system (Figure 7A). 28–29 of Tiarin, and flag-tagged mRNA (400 pg) was injected into
all animal blastomeres of eight cell embryos. Animal cap regionsThis suggests that Shh is not neccessarily involved in
were excised at stage 9, and the outer layers were manually removedthe action of Tiarin.
in 1:1 mixture of LCMR and Ca2, Mg2-free Ringer solution. TheTiarin does not enhance activities of dorsally-expressed
inner cells were rinsed with LCMR and incubated in 25 l of LCMR
Wnts (e.g., Wnt1 and Wnt3a) in the double axis formation for 7 hr at 18C. Then, after cells were dissociated by adding EDTA
assay (Figure 7D). It is an intriguing topic for future inves- at a final concentration of 5 mM (3 min at room temperature), the
tigation to analyze interaction between Tiarin and Wnt culture media and the cells were separately recovered and analyzed
by Western blotting with anti-flag antibody. In vitro translation prod-signals in other context, for instance, by using Wnt
ucts were prepared by using Quickcoupled in vitro transcription/knockout mice.
translation systems (Promega), and the deglycosylation experimentFurther studies on Tiarin function should contribute
was performed with N-glycosidase F (Roche) (Piccolo et al., 1999).to the understanding of the molecular mechanisms un-
For the animal cap conjugation assay, animal caps were excised
derlying complex forebrain patterning and to the eluci- with a tungsten needle at stage 10 in LCMR, and a set of a cap 1
dation of novel signaling pathways involving the Tiarin/ and a cap 2 were combined in such a way that the inner layer faced
olfacomedin class factors. each other. The combined caps were cultured on an agarose plate
for 16 hr at room temperature in LCMR supplemented with 0.2%
BSA.Experimental Procedures
The double axis formation assay was performed as described
previously (Sokol et al., 1991; Ku and Melton, 1993; Wolda et al.,Isolation of Tiarin
1993; Deardorff et al., 2001). First, Wnt mRNAs were titrated toPoly (A) mRNA was isolated from anterior neural plate regions of
determine the half effective dose. For Wnt11, which is a weak axisstage 13–14 Xenopus embryos. First strand cDNA was prepared
inducer, a dose that gave a 10% induction frequency was used.with SMART PCR cDNA synthesis kit (Clontech) and second strand
cDNA was synthesized using a SMART oligonucleotide primer (in Axis formation was evaluated at the late neurula stage.
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X-Gal Staining, In Situ Hybridization, and RT-PCR Analysis J., and Placzek, M. (1997). Cooperation of BMP7 and SHH in the
induction of forebrain ventral midline cells by prechordal mesoderm.Embryos were grown to the desired stage and fixed in MEMFA for
1hr. For LacZ staining, embryos were washed with phosphate buffer Cell 90, 257–269.
and incubated in X-gal solution (Sive et al., 2000). Whole-mount in Deardorff, M.A., Tan, C., Saint-Jeannet, J.P., and Klein, P.S. (2001).
situ hybridization and RT-PCR analysis were performed as de- A role for frizzled 3 in neural crest development. Development 128,
scribed previously (Sasai et al., 2001). The other primers used in 3655–3663.
this RT-PCR analysis are as follows: Msx-1 (forward primer, ACT
Dickinson, M.E., Selleck, M.A., McMahon, A.P., and Bronner-Fraser,
GGT GTG AAG CCG TCC CT; reverse primer, TTC TCT CGG GAC
M. (1995). Dorsalization of the neural tube by the nonneural ecto-
TCT CAG GC) (Suzuki et al., 1997), Gli1 (forward primer, GAG CTA
derm. Development 121, 2099–2106.
GTG ACC CTG CAA G; reverse primer, CAT CGG GAC CTG CTG
Dosch, R., Gawantka, V., Delius, H., Blumenstock, C., and Niehrs,TTT CC), Kielin (forward primer, CAG AGG CTG CAT TTG GCA ACA;
C. (1997). Bmp-4 acts as a morphogen in dorsoventral mesodermreverse primer, AAA GAC ACT CGT CGC CGG CAC).
patterning in Xenopus. Development 124, 2325–2334.
Ekker, S.C., McGrew, L.L., Lai, C.J., Lee, J.J., von Kessler, D.P.,Mitotic Inhibition with Hydroxyurea
Moon, R.T., and Beachy, P.A. (1995). Distinct expression and sharedand Aphidicolin Treatment
activities of members of the hedgehog gene family of XenopusEmbryos were devitellinized at stage 10 and incubated in 0.1MMR
laevis. Development 121, 2337–2347.containing 20 mM hydroxyurea and 150M aphidicolin (HUA) (Harris
and Hartenstein, 1991; Hardcastle and Papalopulu, 2000) until fixa- Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M.
tion. The effect of hydroxyurea and aphidicolin treatment on cell (1996). Two critical periods of Sonic Hedgehog signaling required
division was examined as described previously (Hardcastle and Pa- for the specification of motor neuron identity. Cell 87, 661–673.
palopulu, 2000). Fainsod, A., Steinbeisser, H., and De Robertis, E.M. (1994). On the
function of BMP-4 in patterning the marginal zone of the Xenopus
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